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(A)  Objectives: 

• 

Circadian  rhythms  in  mammals  are  generated  by  a  bicdo^cal  clock  located  within  the 

hypothalamus,  in  the  suprachiasmatic  nuclei  (SCN).  This  conclusion  has  been  established  by  a  « 

variety  of  experimental  approaches,  including  le«ons  of  SL!N,  transplantation  of  fetal  S(3N  into  t 

SCN-lesioned  hosts,  and  expression  cf  circadian  rhythms  by  isolated  SCN  tissue  in  vitro.  The 

fundamental  question  of  how  the  circadian  clock  is  organized  at  a  cellular  level,  however,  has 

proven  difficult  to  approach  experimentally.  This  has  been  a  serious  obstacle  to  further  work  on  the 

cellular  and  molecular  mechanisms  of  circadian  rhythmicity  in  mammals.  We  aim  to  address 

fundamental  questions  about  the  cellular  organization  of  the  circadian  clock  within  the  SCN  by 

taking  advantage  of  a  novel  in  vitro  assay  (rf*  circadian  rhythmicity,  whereby  circadian  variation  in 

the  rate  of  spontaneous  action  potentials  can  be  recorded  over  a  period  of  weeks  from  multiple 

neurons  in  cultures  of  cells  dissociated  from  neonatal  rat  SCN.  (^  ^)ecific  objectives  are  to: 

1.  Analyze  the  development  in  vitro  of  circadian  oscillations  in  coltnres  of 
dissociated  SCN  cells.  Other  groups  have  shown  that  SCN  cells  cultured  together  in  the  same 
dish  can  express  a  cowdinated  circadian  rhythm.  We  will  investigate  how  this  circadian 
rhythmicity  emerges  at  a  cellular  level  by  recording  spontaneous  action  potentials  from  individual 
neurons  at  frequent  intervals  during  the  first  4  weeks  in  culture.  We  will  determine  (a)  when 
cinoulian  ihythmicity  is  first  evident  in  individual  neurons,  (b)  to  what  extent  coradinated  circadian 
rhythmicity  is  achieved  among  different  neurons  recorded  in  the  same  culture,  and  (c)  wh^er 
synchronization  of  circadian  oscillations  among  different  cells  varies  with  the  distance  between 
cells  in  the  culture  dish  or  the  length  cf  time  since  the  cells  were  initially  dissociated. 

2.  Evaluate  the  importance  of  specific  fomra  of  intercellular  commnnication  for 
expression  of  circadian  rhythmicity  in  vitro.  Intercellular  communication  ofsome  type  is 
surely  necessary  for  expression  of  a  uniform  dreaefian  rhythm  by  SGN  cells  in  a  culture,  and  may 
be  required  for  expression  ai  circadian  rhythms  in  any  individual  cell.  The  possible  roles 
chemical  synapses,  gap  junctions,  glial  interactions,  and  humoral  communicatirai  will  be  evaluated. 

We  will  (a)  selectively  disrupt  each  of  these  four  possible  modes  of  intercellular  communication  in 
SCN  cultures,  and  assess  die  effect  on  dreadian  ihythmidty.  We  will  also  (b)  measure 
quantitatively  the  prevalence  of  chemical  synapses  and  gap  junctions  among  SCN  cells  at  1, 2,  and 
4  days,  and  1, 2,  and  3  weeks  in  culture,  and  then  attempt  to  correlate  these  findings  with  the  time 
course  of  develr^mient  of  dreadian  function  in  companion  cultures. 
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3.  Charaeterixe  fia^  SCN  acaroas  cxpretsiag  circadiaa  riiythaye^.  We  will 
(a)  characterize  neuroos  expressing  circadian  rhythms  by  morphology,  neuropeptide  content,  and 
short-term  firing  patterns.  We  will  also  (b)  quantitatively  assess  the  expression  of  voltage- 
dependent  ionic  currents  in  these  neurons  by  wIk^c  cell  patch  clamp  recording.  Neurons  will  be 
studied  either  at  the  peak  or  the  trough  of  their  circadian  rhythms  of  firing  rate,  to  determine 
whether  circadian  modulations  (rf*  specific  ionic  currents  underlie  the  circadian  variation  of 
spontaneous  firing  rate. 


(B)  Statns: 

1.  Analyze  the  dievelopment  in  vitro  of  circadian  oscillations  in  cnltures  of 

dissociated  SCN  cells.  SCN  cultures  were  validated  by  immunocytochemical  staining  for 
GABA,  vasopressin,  VIP,  somatostatin,  and  oxytocin.  Spontaneous  action  potentials  were 
recorded  from  individual  SCN  neurons  using  cell  attached  patch  and  multielectrode  plate 

techniques.  Multielectrode  recordings  lasting  3  days  or  more  have  reproducibly  detected  clear 
circadian  rhythms  in  rate  of  spontaneous  firing  in  approximately  half  of  neurons  recorded  in  SCN 
cultures.  Typically,  these  cells  were  virtually  silent  for  many  hours,  before  firing  rate  abruptly 
increased  to  near  maximal  levels  at  a  consistent  time  each  day.  The  periods  of  these  rhythms  were 
very  close  to  24  hrs.  No  such  rhythms  were  detected  in  cultures  of  tuppocampal  cells.  Circadian 
firing  rhythms  have  been  recorded  from  SCN  neurons  as  early  as  1  week  in  culture,  and  as  late  as 
6  weeks  in  culture.  In  some  cases,  the  same  SCN  cells  could  be  recorded  reputedly  over  periods 
of  several  weeks,  revealing  long-term  stability  of  circadian  oscillations  in  individual  cells.  In 
simultaneous  recordings  of  multiple  SCN  neurmis  in  the  same  culture,  the  cells  were  usually  found 
to  express  circadian  rhythms  of  different  phases.  With  additional  experiments,  we  will  determine 
whether  this  desynchrony  is  affected  by  distance  between  cells  or  time  in  culture. 

2.  Evaluate  the  importaace  of  specific  forms  of  interceUnlar  communication  for 

expression  of  circadian  thythmicUy  in  vdtro.  The  prevalence  of  synaptic  interactioDs 
among  SCN  cells  was  assessed  at  1, 2,  and  4  days,  and  1, 2,  and  3  weeks  in  culture.  In  whole  cell 
patch  recordings,  the  proportion  of  cells  exhibiting  spontaneous  synaptic  activity  increased  rapidly 
from  ~15%  at  1  ^y  to  80-90%  by  4  days  in  culture.  The  of  synaptic  currents,  however, 

continued  to  increase  progressively  with  time  in  culbire,  up  to  2  weelb.  This  was  partly  due  to  an 
increase  in  number  of  synapses,  as  demonstrated  by  immunostaining  for  the  synaptic  vesicle 
protein  SV2,  and  partly  due  to  an  increase  in  rate  of  spontaneous  firing,  as  demonstrated  by  cell 
attached  patch  recording.  The  great  majority  of  these  synaptic  currents  were  inhibitory  GABA-A 
currents,  blocked  by  iNcuculIine  and  reverring  near  the  equilibrium  potential  for  chloride.  Despite 
abundant  evidence  of  synaptic  interactions,  however,  SCN  cells  in  the  same  culture  often 
expressed  circadian  firing  rhythms  of  different  phases,  suggesting  that  conventional  synaptic 
interactions  are  not  sidficient  to  synchronize  circadian  oscillators  in  SCN  cultures.  Conversely, 
even  cells  expressing  synchronizi^  circadian  rhythms  showed  no  short-term  firing  correlations, 
suggesting  that  strong  synaptic  coupling  is  not  necessary  to  synchronize  SCN  circadian  oscillators. 

The  presence  of  gap  junctions  was  assessed  by  immunostaining  for  specific  gap  junction 
(emmexin)  molecules,  by  filling  of  SCN  neurmis  and  astrocytes  with  Neurobiotin,  a  tracer 
compound  known  to  traverse  gap  junctions,  and  by  simultaneous  recording  of  action  potentials 
from  multiple  SCN  neurons.  No  evidence  was  found  at  any  culture  age  for  gap  junctions  between 
neurons.  Between  astrocytes,  however.  Neurobiotin  coupling  and  punctate  staining  for  coimexin- 
43  were  ol»erved  by  1-2  weeks  in  culture,  suggesting  the  presence  of  gap  junctional  coupling. 

In  future  experiments,  we  will  attempt  to  disrupt  various  forms  of  intercellular  communication 
in  SCN  cultures,  and  assess  the  effect  on  circadian  ihythmicity.  In  consideration  of  our  evidence  of 
desynchrony  among  circadian  firing  ibythms  of  different  SCN  cells  in  the  same  culture,  we  will 
also  attempt  to  induce  synchrony  by  timed  appplications  of  melatonin  or  other  putative  diffusible 
intercellular  messengers,  such  as  NO  or  CO. 
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3.  Characterize  single  SCN  neorons  expressing  circadian  rh^hmicity.  Preliminary 
data  suggest  that  SCN  neurons  expressing  circadian  rhythms  may  be  distinguishable  from  other 
cells  lacking  such  rhythms  by  the  regularity  of  their  short-term  firing  patterns.  In  future 
experiments,  cells  expressing  circadian  rhythms  in  multielectrode  recordings  will  be  identified 
unambiguously  by  simultaneous  cell  attached  patch  recording,  and  then  studied  in  detail  by  whole 
cell  reccing  or  immunostaining  for  vasopressin  and  VIP.  In  later  experiments,  neurons  will  be 
studied  either  at  the  peak  or  the  trough  of  their  circadian  firing  rhythms,  to  determine  whether 
circadian  moduh  <  of  specific  ionic  currents  underlie  the  circadian  variation  of  firing  rate. 
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